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frequency of MMEJ-associated deletions induced by DSBs in human cells. While this 98
improved the predictability of MMEJ activation, the DSB repair outcomes tended to 99 consist of a heterogeneous population of multiple MMEJ alleles. In this study, we sought 100 to improve upon the existing algorithm with the goal of developing tools to more reliably 101 predict target loci that would be predisposed to generate a more homogeneous mutant 102 allele population through MMEJ. We demonstrate the feasibility and utility of such 103 reagent design on the molecular level (i.e., DNA repair outcomes) and on the 104 physiological level (i.e., F0 phenotype). We believe our approach can inform and benefit 105 applications such as rapid phenotype-genotype correlation in F0 animals, with an eye 106 toward applications in human gene therapy and facilitation of resource sharing and 107 recreation of various cell and animal lines on a global scale. 108 Table) . Slope 186
Values smaller than -40 was used as the cut-off for Low Competition, as 3 out of 4 187 previously designed zebrafish targets produced majority MMEJ outcomes in this range 188 (S1 Table) . Perturbation of tdgf1 (alternatively known as One-195 eyed Pinhead) causes aberrant "fused eyes" morphology and cyclopia, as judged by 196 reduced forebrain protrusion by 1 dpf(23) (Fig 4B) Table) . The subcloning results were consistent with the noted phenotypic outcomes 202 from this common 4bp deletion (Fig 4A) . 203 We next explored whether these "Winner-Take-All" reagents could be useful for 204 recapitulating a more subtle phenotype than the aberrant gross morphologies observed 205 in the tdgf1 mutants. Splice blockade at the N2B exon of ttn.2 gene by a synthetic 206 morpholino oligonucleotide was previously reported to reduce cardiac contractility by 207 ~70% on 2 dpf(24), phenocopying the pickwick m171 mutation(25). RNP delivery at the 208 dose of 300 pg ttn.2 N2B #2 sgRNA + 660 pg Cas9 resulted in reduction of the 209 shortening fraction to a comparable degree (Fig 5B) . Importantly, injecting RNP with tyr 210 #2 sgRNA or sgRNA and Cas9 independently, at the same doses, did not affect the 211 shortening fraction. Due to the high editing efficiency (Fig 5A) , animals injected with 212 these doses of CRISPR-Cas9 were not viable in post larval phases. For this reason, 213 animals injected at the lower dose of 75 pg sgRNA + 165 pg Cas9 protein were raised 214 to adulthood. Two F0 founders were successfully outcrossed to wild type zebrafish. 215
Heterozygous offspring were identified using the dsDNA heteroduplex-cleaving 216
Surveyor assay(26), and the transmission of the top predicted 5bp deletion allele was 217 confirmed from both founders by subcloning analyses (S3 Figure) . 218 We also designed an sgRNA against exon 13 of ttn.2 (ttn.2 #2 sgRNA), expected 219 to produce a 12 bp deletion allele as a proof-of-principle for in-frame gene correction 220 (Fig 6A) . RNP delivery at the dose of 300 pg sgRNA + 660 pg Cas9 resulted in the 221 induction of this 12 bp deletion allele at 72.7% of the resultant clones. While the injected 222 animals presented with mild cardiac edema evident by 2 dpf (median rate: 50.0%; Fig 
Heuristic Utility) 255
The broad potential utility of this updated "Winner-Take-All" Algorithm for MMEJ 256 prediction led us to develop a web-based automated analysis tool called MENTHU 257 (http://genesculpt.org/menthu/). The software can also be downloaded and installed on 258 a local computer (www.github.com/Dobbs-Lab/menthu/). MENTHU accepts a user-259 specified DNA sequence and targeting scheme as input, and outputs recommended 260 CRISPR sgRNA target sites that are predicted to result in Winner-Take-All type 261 outcomes. We validated the accuracy and functionality of MENTHU against select 262 gRNA sites used in this study using whole exonic sequences as inputs (S5 Table) . 263
Importantly, the software identified novel Winner-Take-All candidate loci against surf1 264 and tdgf1, where only Group 3 gRNA loci had been found by previous methods. 265
266

Discussion: 267
To date, precision genome engineering is limited by the ability to predictably, 268 efficiently, and reproducibly induce the identical sequence alterations in each and every This is in contrast to the current perception that MMEJ is a back-up pathway to NHEJ(7, 279 8, 16, 17, 27) . 280
Based on the data presented here, we speculate that there is a reaction-limiting 281 factor for MMEJ that is involved in identifying compatible microhomology pairs on both 282 sides of the DNA double stranded break. In the case of abundantly available local 283 microhomology pairs, sometimes this factor fails to localize to a single suitable pair, thus 284 rejecting the MMEJ activation. As end-resection is required for MMEJ and not for NHEJ 285 (9, 17, 18), this yet identified factor may be the deciding factor for committing DSB 286 repair through one End Joining pathway to another. This view is similar to a recent 287 report wherein CtIP/Artemis dependent limited end resection was a key trigger for a 288 slow-kinetic Lig1/3 independent NHEJ event that frequently utilized Microhomology to 289 repair a reporter plasmid(28). In our analysis, the primary driver of this decision making 290 process is the proximity of 2 microhomology arms. Our present findings break down the 291 key triggers for MMEJ activation into a simple 2-component math system with the aims
of making the MMEJ-centric approach to gene editing accessible. In addition, this study 293 should inform future studies on the MMEJ pathway by enabling the identification of 294 strongly MMEJ and strongly NHEJ loci under the same genetic context for in-depth 295 comparative molecular analyses. 296
Successful deployment of the Winner-Take-All reagents makes it possible to 297 directly dictate the reading frame or to do in-frame gene manipulations on endogenous 298
targets. Even assuming a somewhat modest outcome of 50% edit efficiency in which 299 50% of the mutant allele pool is of the desirable allele, more than 10% of the cell 300 population will be homozygous for this desired allele. Conversely, many real-life gene 301 editing applications would require only one of the diploid copies to be corrected. In 302 these settings under the same assumptions, just 11 viable cells are needed to achieve 303 95% confidence for establishing the right clone, bringing the idea of this kind of 304 molecular surgery closer to reality. 305
Our present study expands upon the current state-of-art for MMEJ activation and 306 demonstrates the ability to prospectively design robustly active Winner-Take--All 307 reagents in-vivo. We also provide evidence that this 2-component system to identify the 308
Winner-Take-All loci may be broadly applicable beyond zebrafish. To make this 309 algorithm more accessible, we developed the web-based server, MENTHU; 310 http://genesculpt.org/menthu/). MENTHU should enable testing the hypothesis that our 311 present findings are generalizable in other biological systems. In addition, MMEJ-based 312 loci are inherently restricted to genomic locations that leverage endogenous sequence 313 contexts. Consequently, the requirement for a GG dinucleotide for SpCas9 restricts the
alternative or more lax PAM requirements. One such example is a recent variant of 316 Cas9 (xCas) that may function efficiently on an NG PAM(29). However, MENTHU 317 allows users to flexibly define any PAM sequence and the cut site (in nts from PAM) to 318 accommodate potential future variants of the CRISPR system. 319
Finally, we provide strong evidence to support the utility of the MMEJ-centric 320 approach beyond correlating phenotype-genotype in F0 animals. We envision this 321 approach to be useful for: 1) studying the effects of homozygous gene knock-out in 322 culture cells (as opposed to more common, compound heterozygous loss-of-function 323 cell lines), 2) rapid small molecule screening in F0 animals as a complimentary 324 approach to studying in germline mutant animals, 3) globally sharing and reproducing 325 gene knock-out cell and animal lines, and finally, 4) human gene therapy. 326 Zebrafish pairwise breeding was set up one day before microinjections and dividers 339 were removed the following morning. Following microinjections, the fertilized eggs were 340 transferred to Petri dishes with E3 media [5mM NaCl, 0.17mM KCL, 0.33mM CaCl, and 341 0.33mM MgSO 4 at pH 7.4] and incubated at 28.5°C. All subsequent assays were 342 conducted on fish less than 3 dpf, with the exception of assessing for germline 343 transmission. In this case, injected founders were raised to adulthood per the standard 344 zebrafish husbandry protocol. 345 346 DNA Oligonucleotide Preparation: All of the oligonucleotides used for this study were 347 purchased from IDT (San Jose, CA). Upon arrival, they were reconstituted into 100µM
a single 5' G, the GG start on this vector was mutagenized to accommodate GA, GC, 353
GT starts, using Forward and Reverse primers given (S5 Table) Variable Diresidue) plasmids. Subsequently, they were ligated together in one reaction 366 by a modified Golden-Gate Assembly. Blue-White colony screening with X-Gal/IPTG, 367 colony PCR and finally pDNA sequencing were done to ascertain the correct assembly. 368 Microinjections: Microinjections were carried out as previously described(31). In short, 404 1-cell stage fertilized embryos were harvested and aligned on an agarose plate with E3 405 media. In the case of CRISPR-Cas9 reagents, either 1 or 2 nL was delivered to the cell. 406
In the case of TALEN reagents, 1 ~ 3 nL was delivered to the yolk mass. They were 407 then transferred to Petri dishes in E3 media for incubation at 28.5 °C. Dead and/or 408 nonviable embryos were counted and removed each subsequent morning. 409
410
Phenotype Scoring: Each experiment was conducted in at least a technical triplicate 411 and a biological duplicate. Detailed outcomes are provided in S4 Table. Gross 412 phenotypes were scored visually on either 1 dpf or 2 dpf using a standard dissecting 413 microscope. Subsequently, representative pictures were taken with Lightsheet Z.1 414 (Zeiss 2583000135. Oberkochen, Germany). Shortening Fractions were scored as 415 previously reported. In short, live 2 dpf larvae were immobilized and positioned in 3% 416
methylcellulose. An Amscope camera (MU1403. Irvine, CA) mounted on a Leica beating heart at 66 fps. These clips were subsequently used to measure the distance of 419 the long axis along the ventricle at maximum dilation and maximum contraction using
Shortening Fractions from 5 cycles were averaged for each animal. screening were subjected to colony PCR with M13F and R primers, using MyTaq Germline Transmission for 5bp deletion generated by N2B sgRNA #1: RNP containing 444 N2B sgRNA #1 was prepared at 4x diluted dose as described above. Following 445 microinjections, viable fish were raised to sexual maturity. Both F0 founders we 446 attempted to outcross successfully mated and produced viable embryos. DNA was 447 extracted from all viable embryos on 1 dpf, and individual DNA was used as template 448 for PCR amplification using MyTaq Polymerase. Once the thermocycling ran to 449 completion, the amplicons were melted by heating to 95 °C and re-annealed by a 450 gradual step-wise cooling. Surveyor assay (26) 
. 507 that matched the target sequences used in this study are bolded. Criteria 1 and 2 refer 762 to 1) if top predicted microhomology arm is separated by 5bp or less, and 2) if the ratio 763 of top to second predicted pattern scores is at least 1.5. MENTHU is programmed to 764 terminate calculations if the target site is negative for Criterion 1. As a result, no gRNA 765 sequence output is obtained for chrd #1 and mitfa #2. Importantly, in two instances 766 (surf1 and tgdf1) where we only had Group 3 reagents, novel candidate Winner-Take-767
All sites were identified. 768
769
S6 Table 770
List of primers used in this study. All the primer sequences are provided in 5' → 3' 771 order. For urod Reverse primer, M13F primer sequence was added at the 5' end of the 772 endogenous target sequence (bolded and italicized). For SDM primers, intended point 773 mutation is indicated by bold and italic. 774
